Aims Non-potassium-sparing diuretics are commonly used in heart failure (HF). They activate the neurohormonal system, and are potentially harmful. Yet, the long-term effects of chronic diuretic use in HF are largely unknown. We retrospectively analysed the Digitalis Investigation Group (DIG) data to determine the effects of diuretics on HF outcomes. Methods and results Propensity scores for diuretic use were calculated for each of the 7788 DIG participants using a non-parsimonious multivariable logistic regression model, and were used to match 1391 (81%) no-diuretic patients with 1391 diuretic patients. Effects of diuretics on mortality and hospitalization at 40 months of median follow-up were assessed using matched Cox regression models. All-cause mortality was 21% for no-diuretic patients and 29% for diuretic patients [hazard ratio (HR) 1.31; 95% confidence interval (CI) 1.11-1.55; P ¼ 0.002]. HF hospitalizations occurred in 18% of no-diuretic patients and 23% of diuretic patients (HR 1.37; 95% CI 1.13-1.65; P ¼ 0.001). Conclusion Chronic diuretic use was associated with increased long-term mortality and hospitalizations in a wide spectrum of ambulatory chronic systolic and diastolic HF patients. The findings of the current study challenge the wisdom of routine chronic use of diuretics in HF patients who are asymptomatic or minimally symptomatic without fluid retention, and are on complete neurohormonal blockade. These findings, based on a non-randomized design, need to be further studied in randomized trials.
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Heart failure; Diuretics; Mortality; Hospitalization; Propensity scores Most ambulatory chronic heart failure (HF) patients receive therapy with non-potassium-sparing diuretics (referred to as 'diuretics' in what follows). 1, 2 Diuretics are the only drugs that can effectively control fluid retention in HF and are essential for symptomatic treatment of fluid overload. 1, 2 HF is associated with activation of the renin-angiotensin-aldosterone system (RAAS) and the sympathetic nervous system, 1, 3, 4 which is associated with disease progression and poor prognosis. 5, 6 Use of diuretics in HF is associated with further activation of these neurohormones. 4, 7 Diuretics can cause disease progression by increasing myocardial fibrosis in both animal models 8 and in human HF. 9 Yet, the effect of chronic diuretic therapy on HF outcomes has not been studied in large randomized clinical trials. Current evidence regarding the effects of diuretics on HF outcomes is scant and conflicting. A meta-analysis of three small randomized clinical trials [11] [12] [13] (n ¼ 236, events ¼ 15, follow up ¼ 4-52 weeks) showed that diuretic use was associated with reduced mortality in HF. 14 An observational study, in contrast, demonstrated that diuretics increased mortality and hospitalization in systolic HF. 15 Interpretation of findings from observational studies are often limited by potential residual biases from measured confounders and possible biases due to unmeasured confounders. 16 The propensity score (PS) technique has recently emerged as an effective tool to address selection and residual biases. [17] [18] [19] [20] [21] [22] [23] [24] In the current study, we analysed data from the Digoxin Investigation Group (DIG) trial, 25 using PS methods, to test the hypothesis that chronic use of diuretics was associated with increased long-term mortality and hospitalization in ambulatory patients with chronic systolic and diastolic HF.
Patients and methods

Study design
We conducted a secondary analysis of the DIG trial. DIG was a multicenter randomized clinical trial (302 centers: 186 in USA and 116 in Canada) conducted over 32 months during 1991-93 and was designed to determine the effect of digoxin in patients with chronic HF. 25 Detailed description of the rationale, design, implementation, patient characteristics, and results of the DIG trial have been reported elsewhere. 24, 25 We obtained a public use copy of the DIG dataset from the National Heart, Lung, and Blood Institute (NHLBI).
Study patients
The DIG trial enrolled 7788 ambulatory chronic systolic [left ventricular ejection fraction (LVEF) 45%; n ¼ 6800] and diastolic (LVEF .45%; n ¼ 988) HF patients in normal sinus rhythm, of whom 6076 (78%) were receiving diuretics (excluding spironolactone and other 'potassium-sparing diuretics'). 26 DIG investigators assessed the receipt of diuretic therapy at randomization and data on diuretic use were available for all 7788 participants. Angiotensin-converting enzyme (ACE)-inhibitor therapy was encouraged and 93% were on these drugs. Beta-blockers were not approved for HF during the DIG trial and data on beta-blocker use were not collected. We restricted our main analysis to a subset of 1391 þ 1391 ¼ 2782 DIG patients: 1391 patients receiving diuretics, and 1391 patients who were not receiving diuretics, but had similar probability or propensity to receive diuretics at baseline.
Outcomes
The primary outcome of the DIG trial was all-cause mortality, which was also the primary outcome for this report. We also studied several other pre-specified secondary outcomes: mortality from worsening HF, and hospitalizations due to all causes and worsening HF. Study investigators, who were blinded to patients' treatment assignment, ascertained causes of death or primary diagnoses leading to hospitalizations, by reviewing charts or interviewing relatives. DIG participants were followed for a median of 38 months (the median follow-up in this analysis was 40 months). Vital status was collected up to 31 December 1995 and was ascertained for 99% of the patients. 27 Assembly of study cohort: propensity score matching
Because patients in the DIG trial were not randomly assigned to diuretics, we matched patients based on their probability or propensity to receive diuretics at randomization (baseline for this analysis). The PS is the conditional probability of receiving an exposure (e.g. a diuretic) given a vector of measured covariates, and can be used to adjust for selection bias when assessing causal effects in observational studies. [22] [23] [24] 28, 29 We estimated the PS for diuretic therapy for each patient using a non-parsimonious multivariable logistic regression model, in which the receipt of diuretics was modelled using all baseline patient characteristics in Table 1 , as well as clinically plausible interactions. 17, 18, 20, 21, 24 We then used PS, the single composite variable, to match each no-diuretic patient with a diuretic patient with a very similar PS, thus matching 1391 (81% of the 1712 not receiving diuretics) no-diuretic patients to 1391 diuretic patients with similar estimated PS. 30 In our matching algorithm, we first attempted to match each no-diuretic patient with a diuretic patient who had a similar PS to five decimal places. Then we removed those matched pairs of patients and repeated the process matching to four, three, two, and one decimal places.
Assessment of baseline covariate balance: standardized differences
We compared the balance of all baseline covariates in Table 1 between treatment groups before and after PS matching using the standardized difference, which directly quantifies the bias in the means (or proportions) of covariates across the groups, expressed as a percentage of the pooled standard deviation (SD). 18, 21, 23, 24 Our PS model was well calibrated and discriminated effectively between diuretic and no-diuretic patients at baseline (c-statistic ¼ 0.833).
Before matching, the mean PS for diuretic use in patients not receiving diuretics (n ¼ 1712) was 0.57535 and in those receiving diuretics (n ¼ 6076) was 0.83789, with an associated standardized difference of 151% (t-test P-value ,0.0001). After matching, the mean PS for diuretic use in the matched patients not receiving diuretics (n ¼ 1391) was 0.63765 and in those receiving diuretics (n ¼ 1391) was 0.63804, which yields a standardized difference of 0.2% (t-test P-value ¼0.958).
Statistical analysis
We used Kaplan-Meier survival analyses, and bivariate and multivariable Cox proportional hazards models, with consideration for clinically plausible interactions, to estimate the association of diuretic use with various outcomes. In the multivariable Cox regression model, we also adjusted for PS (raw score entered as a linear term) and the set of covariates. Matching was accounted for in the Cox proportional hazard models by incorporating a variable that identified patients with similar PS. This is essentially a stratified analysis that uses each pair of matched patients as a separate stratum to compare survival within each pair, which is then used to estimate the overall hazard ratio (HR). We confirmed the assumption of proportional hazards by a visual examination of the log (minus log) curves. Covariates used in the multivariable model included all those used in the logistic regression model for PS. All analyses were based on intent-to-treat.
To examine for potential heterogeneity of treatment effect on all-cause mortality, we estimated the effects of diuretics in several subgroups, using the pre-match cohort of 7788 patients. These subgroups included age (cut-off of 65 years), sex, race (whites vs. others), HF aetiology (ischaemic vs. others), New York Heart Association (NYHA) class (III and IV vs. others), LVEF (cut-off of 45%), diabetes, chronic kidney disease (estimated glomerular filtration rate ,60 mL/min/1.73 m 2 ), ACE-inhibitor, and digoxin use. After first calculating absolute risks, 31 we then estimated the effect of diuretics in each of the subgroups using Cox regression models, in each case adjusting for propensity to use diuretics. Finally, we formally tested for interactions using multivariable Cox proportional hazards models entering interaction terms between diuretic therapy and the subgroup variables, and adjusting for propensity to use diuretics.
Sensitivity analyses
We conducted sensitivity analyses using several alternative approaches to assess the robustness of our findings regarding the effect of diuretics on all-cause mortality to changes in the analytic approach. First, to address concerns about incomplete matching, we analysed data from all 7788 patients, using both direct regression adjustment for PS, and sub-classification based on quintiles of PS. Second, to account for initiation and discontinuation of diuretic therapy during follow-up, we re-estimated the effect of diuretics in a subset of patients who were always receiving diuretics during the first 24 months of follow up compared with patients who were never receiving diuretics during the same time period. Finally, even though our PS match achieved excellent balance in our measured covariates, we could not rule out bias due to imbalances in unmeasured covariates. Therefore, we conducted formal sensitivity analyses to describe the weight of our evidence by quantifying the degree of hidden bias that would need to be present to invalidate our main conclusions. All statistical tests were evaluated using two-tailed 95% confidence intervals (CI), and data analyses were performed using SPSS for Windows version 13.0.2.
Results
Patient characteristics
The mean (+SD) age of the 2782 PS-matched patients was 63 (+11) years, (median: 64; range: 22-92), 535 (19%) were women and 299 (11%) were non-whites. Table 1 compares baseline patient characteristics by diuretic use before and after PS matching. Before matching, diuretic patients were older and sicker. They were more likely to have diabetes and chronic kidney disease, dyspnoea, higher NYHA classes, elevated jugular venous pressure, a third heart sound, pulmonary rales, cardiomegaly, pulmonary congestion, and lower LVEF. However, diuretic users were also more likely to be women, have shorter HF duration, higher body mass index, and non-ischaemic etiology for HF. After matching, diuretic and no-diuretic patients were similar with regards to all of the 34 baseline covariates ( Table 1 and Figure 1 ). Our PS matching reduced standardized differences for all observed covariates below 10% in absolute value, demonstrating substantial improvement in covariate balance across the treatment groups ( Figure 1) .
18,21,23
Diuretics and mortality
During a median 40 months of follow-up, 695 (25%) patients died from all causes and 202 (7%) died due to worsening HF.
Compared with 21% deaths in patients of the no-diuretic group, 29% of those in the diuretic group died from all causes (HR 1.31, 95% CI 1.11-1.55; P ¼ 0.002; Table 2 ). Mortality due to HF occurred in 6% of patients in the no-diuretic group and 9% of those in the diuretic group (HR 1.36, 95% CI 0.99-1.87; P ¼ 0.056; Table 2 ). These associations remained essentially unchanged after adjustment for baseline covariates and PS ( Table 2) . Kaplan-Meier survival curves for all-cause and HF mortality are displayed in Figures 2A and B . Mean (95% CI) survival times for diuretic vs. no-diuretic patients were, respectively, 47 (46-48) and 50 (49-51) months.
Sensitivity analyses
In the full (pre-match) cohort (n ¼ 7788), 2606 (34%) patients died. Compared with 21% deaths in no-diuretic patients, 37% of diuretic patients died (unadjusted HR 1.97, 95% CI 1.77-2.21; P , 0.0001). When we adjusted for PS, the association became weaker but remained significant (HR 1.29; 95% CI 1.14-1.46; P , 0.0001). Additional multivariable adjustment did not alter this association (HR 1.28; 95% CI 1.13-1.45; P , 0.0001). Among patients in PS quintiles two and three (n ¼ 3116), we observed similar diuretic effect on all-cause death: unadjusted (HR 1.59; 95% CI 1.33-1.89; P , 0.0001), PS-adjusted (HR 1.49; 95% CI 1.25-1.78; P , 0.0001), and full model adjusted (HR 1.51; 95% CI 1.27-1.81; P , 0.0001).
Receipt of diuretics was ascertained during visits at 1, 4, 8, 12, 16, 20, and 24 months. During the first 24 months of follow-up, 781 patients never received diuretics and 2984 patients were always receiving diuretics. Compared with 8% deaths among patients never receiving diuretics during Figure 1 Absolute standardized differences before and after propensity score matching comparing covariate values for patients receiving and not receiving diuretics.
the first 24 months of follow-up, 19% of those who always received diuretics during the same time died from all causes (multivariable adjusted HR 1.81, 95% CI 1.38-2.38; P , 0.0001).
Like any non-randomized study, the conclusions of our study may be sensitive to potential hidden biases, and so we completed a formal check of the sensitivity of these results to potential hidden biases. In the absence of hidden bias, a sign-score test for matched data with censoring provides strong evidence (P ¼ 0.0006) that treatment with diuretics decreases survival time, even after adjustment by PS matching. To attribute the lower survival time to an unobserved binary covariate unrelated to our PS model rather than to the effect of the exposure to diuretics, that unobserved covariate would need to increase the odds of a patient receiving diuretics by about 12% and would also need to be a near perfect predictor of mortality.
Diuretics and hospitalization
During the follow-up, 1705 (61%) patients were hospitalized from all causes and 563 (20%) were hospitalized due to worsening HF. Compared with 59% hospitalizations due to all causes among no-diuretic patients, 64% of patients in the diuretic group were hospitalized (HR 1.15; 95% CI 1.02-1.29; P ¼ 0.023; Table 2 ). Hospitalizations due to worsening HF occurred in 18% patients of the no-diuretic group and 23% patients in the diuretic group (HR 1.37; 95% CI 1.13-1.65; P ¼ 0.001; Table 2 ). These associations remained essentially unchanged after multivariable risk adjustment ( Table 2) . The Kaplan-Meier survival curves for all-cause and HF-hospitalizations are, respectively, displayed in Figures 3A and B .
Subgroup analyses
The association of diuretic therapy with mortality was noted across a wide spectrum of HF patients (Figure 4 ). Diuretic use was associated with increased mortality in HF patients who were asymptomatic or minimally symptomatic (NYHA class I and II) and those who were receiving inhibitors of RAAS (ACE-inhibitors). There were no significant interactions between diuretic use and any of the covariates, except for diabetes (P for interaction ¼ 0.022). However, after multivariable adjustment, that interaction was no longer significant.
Discussion
Our findings demonstrate that the use of non-potassiumsparing diuretics was associated with increased risk of mortality and hospitalization in a wide spectrum of ambulatory chronic systolic and diastolic HF patients. Over 90% of these patients were receiving ACE-inhibitors and about 80% belonged to NYHA class I and II. These findings are important Figure 4 Hazard ratios (95% CI) for all-cause mortality in subgroups of patients with heart failure (ACE-inhibitor, angiotensin-converting enzyme-inhibitor).
as diuretics and ACE-inhibitors remain the most commonly used regimen for HF therapy. 1 
Possible mechanism of action
A mechanistically plausible explanation of our findings is that the unfavourable effects of diuretics are mediated through the activation of the neuroendocrine system, in particular, the RAAS. 4, 7, 32 Activation of angiotensin-II and aldosterone is associated with the stimulation of proinflammatory cytokines, myocardial fibrosis, disease progression, and poor outcomes in HF. [8] [9] [10] 33 It is also possible that the deleterious effects of diuretics are extensions of their common clinical adverse effects such as electrolyte imbalance, hypotension, and worsening kidney function. 1 Serum creatinine and potassium levels, and BP were well balanced at baseline in our study, and are unlikely to explain our findings. However, diuretics might have altered some of these parameters during the course of therapy.
Clinical implications: asymptomatic heart failure HF guidelines recommend that most HF patients 'should be routinely managed with' a diuretic, an ACE-inhibitor, or an angiotensin receptor blocker (ARB), and a beta-blocker and that diuretics are essential for symptomatic management of fluid overload in HF.
1,2 Diuretics are also recommended for HF patients with prior symptoms. 1 However, these recommendations are based on Level C evidence (only consensus opinion of experts, case studies, or standard-of-care) as there are no randomized clinical trial data on the effect of diuretics on survival in HF. 1, 2 We noted that in a wide spectrum of PS-matched HF patients, use of diuretics was associated with a significant 31% increased risk of death ( Table 2) . Among NYHA class I and II patients, diuretic use was associated with a significant 25% increased risk of death ( Figure 4) . These findings question the wisdom of routine chronic diuretic use in euvolemic HF patients who are asymptomatic (NYHA I) or minimally symptomatic (NYHA II) and are already receiving an ACE-inhibitor or an ARB and a beta-blocker approved for HF.
It is currently unknown if blocking of the aldosteronereceptor would favourably influence the clinical course of HF patients with NYHA I or II symptoms receiving diuretic therapy. This will be addressed in the upcoming trial 'a comparison of the endpoints of death from a cardiovascular cause and hospitalization for worsening heart failure in patients who have NYHA Class II heart failure when they are treated with eplerenone or placebo in addition to standard heart failure medicines'. 34 Clinical implications: symptomatic heart failure Diuretic use was also associated with increased mortality in HF patients with NYHA class III and IV symptoms (Figure 4) . However, it may not be practically feasible to withhold or discontinue diuretics in HF patients with fluid overload and NYHA class III and IV symptoms. 1 The deleterious effects of diuretics may be attenuated by stricter restriction of salt intake. Diuretics increase salt appetite, 35 and aldosterone-induced myocardial damage is worse at a highsalt environment. 36, 37 Clinicians might also consider adding low-dose digoxin, instead of increasing the dose of diuretics, to relieve HF symptoms. Digoxin reduces HF hospitalization regardless of LVEF and serum digoxin concentration, and if care is taken to achieve a low serum digoxin concentration (0.5-0.9 ng/mL), it also reduces all-cause mortality and all-cause hospitalizations. 24, 25 Furosemide is the most commonly used diuretic in HF. There is a growing body of evidence that suggests that use of furosemide may be associated with activation of neurohormones, 3, 8, 10, 38 and that torsemide may reverse neurohormone-induced myocardial fibrosis. 9, 39 Some preliminary studies have also demonstrated improved HF outcomes associated with torsemide use. [40] [41] [42] However, torsemide is expensive and the long-term effects of torsemide in HF are largely unknown.
Comparison with other published studies
Despite widespread clinical acceptance, there have been no large-scale randomized clinical trials of diuretic therapy with long-term follow-up in HF.
1,2 Recently, Domanski et al. 15 demonstrated that in patients with chronic HF, use of non-potassium-sparing diuretics (vs. no-diuretics) was associated with increased risk of total mortality (adjusted HR 1.28, 95% CI 1.19-1.49) and HF hospitalization (adjusted HR 1.38, 95% CI 1.11-1.71). However, in that study, diuretic patients were generally sicker at baseline and the multivariable risk adjustment model did not include all potential confounders. 43 Balancing all measured baseline covariates by PS matching, inclusion of patients with LVEF .45%, adjustment for all prognostically important covariates, and use of sensitivity analyses distinguish our study from theirs.
Limitations
The findings of our study might be potentially limited by biases related to unmeasured or hidden covariates, and incomplete and/or inexact matching. The results of our study were fairly sensitive to a potential hidden covariate. 44, 45 However, sensitivity analysis cannot determine if such a bias existed. It is unlikely that a hidden variable could be completely unrelated to any of the 34 covariates used in our PS analysis. In HF, diuretics are generally prescribed in response to fluid overload and for symptom management, and, less often, for BP control, all of which are overt and measurable covariates, and most of those were measured and accounted for in our analysis. This is important, as our conclusions' apparent sensitivity depends on a hidden variable being strongly related to both use of diuretics and to survival. 21 From a clinical standpoint, it is difficult to contemplate that such a hidden covariate could exist that would be associated with both use of diuretics and death or hospitalizations, and yet remain unmeasured or essentially unassociated with any of the large number of clinically significant covariates used in our analysis.
Inexact matching and/or incomplete matching might also affect the results of our study. We were able to find nearexact matching diuretic patients for 81% of our no-diuretic patients, with the worst match having a PS difference ,0.02 in absolute value. This is in contrast to ,60% adequate matching in other studies. 23, 28 The estimated mean PS for our 321 unmatched no-diuretic patients were generally small (mean PS, 0.3054), but were (with one exception) within the range of PS associated with our 1391 matched no-diuretic patients (mean PS, 0.6376). The estimated mean PS for our 4685 unmatched diuretic patients were generally large (0.8972), and were within the range of PS associated with 1391 matched diuretic patients (mean PS, 0.6380).
Incomplete matching has the potential to introduce biases and overestimate treatment effects towards worse effects for the treatment. However, compared with matched diuretic patients, unmatched diuretic patients generally were older and sicker. Conversely, compared with matched no-diuretic patients, unmatched no-diuretic patients generally were younger and less sick. Inclusion of unmatched older and sicker diuretic patients, and younger and less sick no-diuretic patients would have inflated the diuretic effect towards a greater harm than that observed in our matched cohort. Therefore, while exclusion of unmatched patients might have compromised to some degree the external validity of our findings, our matching procedure improves internal validity.
The results of our study are based on predominantly white, male, and relatively younger HF patients with normal sinus rhythm, thus limiting their generalizability. We had no data on specific diuretics and their dosages, and more importantly, on patients' salt status and blood urea nitrogen levels. We also had no data on the use of beta-blockers and aldosterone antagonists, thus limiting generalizability to today's HF patients. As beta-blockers blunt the activation of the sympathetic nervous system and attenuate renin release from the kidneys, 3 further studies of patients in the current era of HF therapy are needed. The effect of diuretics on HF outcomes should be examined in well-designed prospective studies or randomized clinical trials. More resources need to be dedicated to the development of newer generations of diuretics with no or minimal neurohormonal activation. Effect of salt intake on the deleterious effects of diuretics, and the effect of diuretics on salt-craving need to be further studied.
Conclusions
We observed associations between chronic diuretic use and poor long-term outcomes in a wide spectrum of ambulatory patients with chronic, mild to moderate systolic and diastolic HF. These findings are mechanistically plausible and consistent with previous laboratory and observational data, and suggest that symptomatic relief achieved by diuretic therapy might be at the cost of increased mortality and hospitalization. It is tempting to suggest that these results challenge the wisdom of routine chronic use of non-potassium-sparing diuretics for HF patients who are asymptomatic (NYHA I) or minimally symptomatic (NYHA II) without any fluid retention, and are on appropriate neurohormonal blockade. However, the findings of our study, based on a non-randomized design, are largely hypothesis generating, and call for similar analyses of larger and more recent databases, prospective follow-up studies, and for confirmation in randomized clinical trials.
